The different stages of frog virus 3 (FV 3) morphogenesis have been investigated in chick embryo fibroblasts infected at an optimal temperature for virus growth (29 °C). The metabolic requirements for morphogenesis were determined by adding inhibitors of macromolecular synthesis at different periods in the virus growth cycle. The effect of a non-permissive temperature for FV 3 replication (37 °C) was also studied in shift up experiments. The following results were obtained: (I) when DNA replication was inhibited, neither immature nor mature virus particles appeared; (2) continuous protein synthesis was required for every stage of virus morphogenesis. However, the assembly of virions into paracrystalline arrays seemed to be a passive phenomenon. (3) Continuous mRNA transcription was not necessary for assembly of capsid constituents, although most of these capsids appeared empty; there was also a striking increase in the number of aberrant virus structures. (4) If infected cells were shifted to a non-permissive temperature, virus maturation was completely inhibited.
INTRODUCTION
Several biochemical events leading to frog virus 3 (FV 3) morphogenesis have already been studied (see review McAuslan & Armentrout, I974) . On the other hand, the ultrastructural features of FV 3 maturation have been reported by sevelal authors (Dartington, Granoff & Breeze, I966; Bingen-Brendel, Tripier & Kirn, 1971; Tripier et aL I974; Kelly, 1975) . Until now, however, there has been no study in which the biochemical and morphological steps of virus biosynthesis have been correlated. In the present work, an attempt was made to investigate the metabolic requirements for FV 3 morphogenesis in chick embryo fibroblasts. For this purpose, metabolic inhibitors as well as supraoptimal temperatures have been used.
METHODS
Virus. Stock FV 3 was grown on the chorioallantoic membrane of I o day-old embryonated eggs and was purified as previously described (Tripier & Kirn, 1973) .
Experimental procedure. Twenty-four-hour-old chick embryo fibroblasts (CEF) were infected with an input multiplicity of 4 p.f.u.]cell. After a I h adsorption period at room temperature, the cells were washed three times with phosphate-buffered saline (PBS) and then incubated at 29 °C in Eagle's minimum essential medium (MEM) I To calf serum; this was referred to as time o of infection. At 3, 5 or 7 h post infection (p.i.), cell cultures either received a given inhibitor or were transferred to 37 °C (Fig. ] ). All the cells were fixed at I3 h p.i. As controls, infected cells were harvested and fixed 3, 5, 7 or I3 h p.i.
In the experiments involving reversion of the effect of the non-permissive temperature, the cells were incubated at 29 °C for 5 h and transferred to 37 °C for 6 h (Fig. 2 ). They were then shifted down to 29 °C and inhibitors were added to some of the cell cultures. After 8 h incubation, they were processed for examination by electron microscopy.
Inhibitors. Cytosine arabinoside (aCyt) was used at a concentration of IO-~M, actinomycin D at 2 #g/ml and cycloheximide at Io/~g/ml. Under these conditions, DNA, RNA and protein syntheses were inhibited by 99 %, 96"5 % and 9o%, respectively.
Electron microscopy. Cells were fixed with 2.5% (v/v) glutaraldehyde in o.I M-cacodylate buffer containing 2% (w/v) sucrose for 3o min at 4 °C, then post-fixed in z To (w/v) osmium tetroxide for I h at 4 °C. The specimens were further dehydrated in ethanol and embedded in Araldite. Thin sections were then cut with a LKB Ultrotome III, stained first with an alcohol saturated solution of uranyl acetate (5 min), then for ao min with lead citrate according to Reynolds (I963) and examined under a Philips EM 3oo electron microscope. 
4I
Virus particle counts. Ultrathin sections deposited on each grid were kept apart from those laid on other grids by cutting several I/zm thick spacers. This avoided several counts on the same cells, which would occur with serial sections. The reliability of the counts was tested with different sections across cells infected without any inhibitor. While the number of virus particles is different from one cell section to another, the standard deviation decreases as the number of cell sections examined increases. For IOO cell sections counted, the standard deviation was lower than IO %, which is sufficient for valid interpretation of our results. We must point out that although the results are reproducible within the same experiment, they may strongly vary from one experiment to another. The counts must then be related to cell batches infected at the same time with the same virus suspension.
RESULTS

FV 3 morphogenesis under permissive conditions
The pattern of FV 3 growth at the optimal temperature (2 9 °C) is given in Fig. 3 -After a short latent period, the number of virions increased in an exponential manner from 5 to 15 h p.i. and then remained at the plateau level. At a non-permissive temperature (37 °C), no infectious particles were produced. As early as 3 h p.i., sites of virus production appeared in about Io% of the cells. These areas, roughly round-shaped, displayed a fine granulation within an electron-translucent matrix; they were devoid of ribosomes and strongly contrasted with the surrounding cytoplasm (Fig. 4 ). Polyribosomes were often observed, at their periphery, as well as portions of rough endoplasmic reticulum and mitochondria.
As the infection proceeded, the viroplasms became larger; at 5 h p.i., 'empty' capsids as well as apparently mature ones could be seen. Some virions were already being released by budding at the cytoplasmic membrane (Fig. 5 )-Seven hours p.i., numerous virus particles were noticed (Fig. 6 ). 'Empty' capsids were only located within the viroplasms or at their periphery. However, mature particles were present, inside both the viroplasms and the surrounding cytoplasm. Many virions were budding at the plasma membrane, sometimes being released, one behind the other, through the same cytoplasmic protrusion (arrow).
At a later stage 03 h p.i.), many virions were grouped in paracrystalline arrays (Fig. 7 ). It should be pointed out that this type of assembly was never observed at earlier stages (7 h p.i.). Single capsids could also be seen inside the viroplasms, or budding at the periphery of the cell. The number of virus particles present in IOO cell sections at different times after infection is summarized in Table I .
Effect of metabolic inhibitors on FV 3 morphogenesis Cycloheximide
When protein synthesis was blocked by the addition of cycloheximide to the culture medium, the different stages of morphogenesis were inhibited. Counts of the number of virus particles in IOO cells at ~3 h p.i., after addition of the inhibitor at 3 h, 5 h or 7 h p.i., showed about the same numbers as in infected cells fixed at the corresponding times but to which inhibitor had not been added (Table I ). This means that there was no increase in the number of virions during the incubation in the presence of cycloheximide. It was striking that virus paracrystats, never observed at 7 h p.i., were often present when cycloheximide was added from 7 h to I3 h p.i. (Fig. 8 ).
Aetinomycin D
When RNA synthesis was blocked by the addition of actinomycin D, a large number of particles with a translucent centre were noticed (Fig. 9 ). These particles could be observed Fig. 12 . This gigantic aberrant virus form, displaying a roughIy tubular shape, attains 1"3 #m. Fig. 13 and I4 . Aspect of 'empty' capsids and aberrant virus forms, after a single glutaraldehyde fixation. By this technique, capsids appear clear, and are thus easy to distinguish from the electron dense material of the virus core. The 'empty' particles often display a more or less continuous dark ring beneath the capsid. Filamentous aberrant virus forms, sometimes in contact with mitochondria (Fig. I3, upper part, and Fig. t4 ) are also composed of a layer of the same density as capsids, and of a dark layer adhering to it. Some aberrant structures, in which this dense layer adheres with both sides to the capsid layer, display a 'sandwich' structure ( Fig. I3 and I4, arrows) . The spiral shape of one aberrant form is evident (Fig. 15, black star) .
when the inhibitor was added at the later stages. Incorporation of SH-thymidine has shown that under the same experimental conditions as above, virus DNA replication was inhibited by about 96% after the addition of actinomycin D.
Another effect of actinomycin D was in the accumulation of aberrant virus particles (Fig. I 0 -Indeed, although the number of these structures hardly increased throughout a permissive infection, it increased fivefold when actinomycin D was added from 7 h to I3 h p.i. These aberrant virus particles displayed various shapes and sizes (Fig. 1 I, I2 , I3 and I4): some were filamentous, spiral or even ovoid-shaped. In some cases, we could observe gigantic tubular forms. Fig. ~2 represents one of these structures which reaches a size of z.3 #m.
By use of a single fixation technique (glutaraldehyde alone), it was possible to obtain a better visualization of the structure of the 'empty' capsids as well as of aberrant forms ( Fig. I3 and r4) . Indeed, under these conditions, the virus capsid appeared electrontranslucent and was easy to distinguish from the electron-dense material of the core which supposedly contained DNA. The 'empty' virus particles displayed a light capsid as well as a light centre, but always a more or less continuous dark ring, beneath the inner layer of the capsid; this electron opaque ring had the same density as the core of mature particles.
The aberrant virus forms also presented a light layer of the same thickness as the capsid, bordered by a layer of electron-dense material. This dark component was sometimes bound to two layers of capsid material, giving a thicker appearance to these aberrant forms. Filamentous aberrant structures were often observed in close contact with mitochondria. (Fig. I3 and I4 ).
Cytosine arabinoside
In order to determine whether the proteins of the 'empty' capsids were synthesized from the parental genome, we added cytosine arabinoside immediately after infection. In these experiments, no virus particles appeared, neither 'empty' nor mature ones, but we sometimes observed a few structures, displaying the same morphological aspect as the viroplasms. If aCyt was added to the culture medium from 3 h to 13 h p.i. numerous 'empty' capsids were observed (Fig. I5) . These structures were sometimes grouped into cytoplasmic paracrystals. One can see that some of these 'empty' capsids are less regular in size and shape than the usual mature particles.
Effect of a non-permissive temperature
When infected ceils were incubated at 29 °C, then transferred to 37 °C at various times after infection, the number of virions observed I3 h p.i. did not increase. The different stages of virus morphogenesis were thus inhibited. However, some mature nucleocapsids, synthesized before the shift to 37 °C, were assembled in regular arrays in the vicinity of the viroplasm (Fig. I6) . In nearly all of the viroplasms, electron-dense clusters could be observed. With later shift times, more and more clusters were found. These dark structures, of about the same density as condensed chromatin, might correspond to condensations of virus DNA synthesized before the shift to 37 °C.
In order to determine whether this phenomenon was reversible or not, some infected cells were shifted from 29 °C to 37 °C from 5 h to I I h p.i. and then transferred again to 29 °C for 8 h (see Methods, Fig. 2) . The results, summarized in Table 2 , demonstrate that under these conditions, there is an increase both in the number of physical particles and infectious particles, in comparison with cells fixed after the incubation at 37 °C. It is of interest to notice that the dense aggregates described above were still present after the shift back. If DNA synthesis was inhibited by the addition of aCyt when the cells were re-incubated at Fig. 15 . Infected cell treated with aCyt from 3 to 13 h p.i. A paracrystalline array containing numerous 'empty' capsids and also some rare mature particles can be observed. Some of these 'empty' capsids are less regular in size and shape than the usual mature particles. 29 °C, no increase in the number of virions was observed, which demonstrates that renewed DNA synthesis is necessary for this increase. When actinomycin D was added instead of aCyt, the results were similar. An increase in the number of 'empty' capsids was not observed, suggesting that the virus RNAs present in cells transferred to 37 °C for 6 h could not be translated, after a shift down, into the proteins of these 'empty' capsids.
DISCUSSION
The pattern of FV 3 replication is roughly similar in CEF and in BHK cells (BingenBrendel et al. I97I) . Infectious virus particles appeared as early as 5 h p.i. However, our results contrast with other observations in CEF cells (Kelly, I975) , where virus production began only at 24 h p.i. This is perhaps due to a difference in the virus strain or cell cultures handled by the different laboratories. As for the morphogenesis stages, our observations are in agreement with those of Kelly 0975), but again the different steps in morphogenesis appeared sooner in our system. At 3 h p.i., virus factories were present, in which mature virus particles were synthesized and released by the budding process as early as 5 h p.i. As infection proceeded, the number of virus particles increased, and budding became more intense, while some nucleocapsids gathered into paracrystalline arrays.
When DNA synthesis was inhibited by cytosine arabinoside immediately after adsorption, no virus structures could be observed; this result suggests that virus capsids were not formed only from' early' proteins (those originating from the parental genome). On the other hand, the formation of capsids may require the presence of a DNA primer and in this case' early' proteins could be sufficient. Therefore, the pattern of FV 3 replication is different from vaccinia virus, where the inhibition of DNA synthesis by hydroxyurea does not prevent the accumulation of immature virus particles (Pogo & Dales, i97I; Morgan, I976 ) . It is clear that in this case virus proteins coded for by mRNA which in turn is transcribed from the parental genome are sufficient for partial morphogenesis.
In the case of FV 3, when aCyt was added 3 h p.i., virus particles with an electrontranslucent core were synthesized, indicating that de novo DNA synthesis only during the first 3 h of infection is necessary for the assembly of virus capsids.
Continuous protein synthesis is essential for all stages of FV 3 morphogenesis. Indeed, when cycloheximide was added at various times after infection, the number of virus particles present at these times did not increase any further. We have previously shown that continuous protein synthesis is also necessary for budding of virus particles (Tripier et al. I976 ) .
On the other hand, virions present in cells incubated with cycloheximide could still assemble into paracrystalline arrays, thus suggesting that this event is a passive one.
Continuous messenger RNA transcription was not necessary for the assembly of capsid constituents. The cores of the particles synthesized in the presence of actinomycin D were electron-translucent. With an appropriate technique, we found that there was only a narrow dark edge beneath the capsid, of the same aspect as the normal dense core which is known to contain nucleoproteins. This dense ring may contain virus DNA and in this case could be the DNA primer postulated above. One can also ask whether the lack of a complete nucleoid in these apparently' empty' capsids is due to an absence of DNA synthesis or to an incapacity for capsids and DNA to associate. The fact that actinomycin D added at 3 h p.i. inhibited 96% of virus DNA synthesis suggests that capsids remain 'empty' due to lack of DNA in their vicinity. This hypothesis is supported by the observation of similar particles in the presence of aCyt 3 h p.i. 'Empty' capsids could also gather into cytoplasmic paracrystals; DNA synthesis after 3 h p.i. is therefore not necessary for this type of assembly, which is probably due to interactions of minimal steric hindrance between the icosahedral capsids. The presence of 'empty' capsids with actinomycin D, as well as the ability for virions to bud under these conditions (Tripier et al. I976) , suggests that the virus mRNAs coding for capsid proteins on one hand, for proteins implicated in the budding process on the other hand, are relatively stable. The observation of an increase in the number of' empty' capsids after the addition of actinomycin D at later times can be explained by the fact that the abundance of messenger RNAs increased throughout the course of infection; they could then be translated into a larger number of constitutive proteins. These 'empty' capsids, often less regular than the classical mature particles, are probably more malleable ones, owing to the lack of dense material inside their cores.
The inhibition of messenger RNA transcription also led to an increase in the number of aberrant virus particles, which were, however, occasionally observed under permissive conditions, by ourselves and other authors (Darlington et al. I966; Kelly & Atkinson, I975) . These bizarre virus structures were found in a large range of sizes and shapes. Our own observations showed that these aberrant forms were always composed of an electron-dense layer, of the same density as virus nucleoids, adhering to another one of the same aspect as the virus capsid. Therefore they did not seem to be formed only from capsid constituents. The presence of a dense layer probably containing DNA seems to be necessary for the assembly of aberrant virus particles, as postulated above for the assembly of 'empty' capsids.
When infected cells were shifted to 37 °C, virus DNA was no longer synthesized (Kucera, 197o) . Under these conditions, each step of virus morphogenesis was inhibited. Within the viroplasms, one could observe electron-dense clusters which might correspond to condensations of virus DNA present before the shift to 37 °C. When cells were shifted back to the permissive temperature, these dense aggregates remained present, whereas the number of virus particles increased; however, the formation of these particles during the shift down required de novo DNA synthesis, since it was inhibited by aCyt. These observations are in good agreement with the results of Kucera (197o) who demonstrated, using biochemical techniques, that if virus DNA was made at 28 °C, and then the infected cells were transferred to 37 °C, the pre-formed DNA would not be encapsidated when cultures were again shifted down to 28 °C. He also noticed that de novo DNA synthesis was necessary for subsequent encapsidation. From both observations, we can presume that virus DNA synthesized before the shift to 37 °C cannot be encapsidated at 29 °C, because it would remain inactivated in the form of dense aggregates within viroplasms.
It is of interest to notice that if cells were transferred to 37 °C for 6 h, then shifted down to 29 °C and incubated with actinomycin D, no virus particles appeared, neither ' empty' nor mature ones. This absence of' empty' particles suggests that, either the mRNAs transcribed before the shift to 37 °C have a life-time shorter than 6 h, or they are inactivated during the incubation period at 37 °C. 
